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Introduction
There appears to be an almost insatiable appetite for new fluorescent dyes. Indeed, a bewildering variety of applications has been found for such materials, sometimes by serendipity but more often by design. In characterizing new fluorescent dyes, the minimum information that must be provided is the fluorescence quantum yield under carefully specified conditions. This value, together with absorption and emission spectral profiles, can be used by other researchers seeking components for yet more applications. Of course, the excitedstate lifetime and the extent of any environmental effects on this parameter and on the fluorescence yield add to the value of the basic information. 1 As applications become more diverse, so does the awareness that compounds absorbing and emitting in the far-red region are of prime importance. This is especially so for bio-labels 2 and fluorescent probes 3 intended for biochemical or medicinal purposes, as soft tissues are best permeated by light of wavelength greater than 650 nm. In turn, this realization means that there is a growing need to measure emission quantum yields at relatively long wavelength where many commercial fluorescence spectrophotometers display limited sensitivity. There are few standard compounds 4 with well documented emission properties, perhaps Indocyanine Green is the best known example, 5 which is a further limitation for the determination of fluorescence yields via the comparative method. Other approaches, notably the use of an integrating sphere, 6 are possible but the necessary equipment is not always at hand.
In searching for likely emitters that could function as fluorescence standards, it has to be recognized that no single compound will suffice for the far-red region: we take the latter to cover the range from 650 to 900 nm. This translates to the need for a family of dyes of comparable chemical structures and physiological properties but differing conjugation lengths. Any standard compound must be commercially available in a pure form and soluble in common organic solvents. Ideally, the fluorescence quantum yield should be around 0.25 so that comparison can be made with strong and weak fluorophores. 4 Secondary requisites include good stability and resistance to aggregation. With these limitations in mind, we have identified the family of cyanine dyes as strong contenders. This particular family includes fluorophores currently used in super-resolution microscopy. 7 We now report the absolute fluorescence quantum yields, measured under highly comparable conditions, for a small set of cyanine dyes. These dyes cover the appropriate spectral range and show moderate emission yields in methanol solution at ambient temperature. Supplementary information, including excited-singlet state lifetimes and radiative rate constants, is also provided. To measure the quantum yields, we have used the photo-initiated thermal blooming protocol introduced many years ago by Magde and co-workers, 8 but largely overlooked in the meantime. For the series of methanol-soluble cyanine dyes, it has been possible to use a single excitation wavelength of 635 nm. This greatly simplifies the experiments. The choice of a non-emissive standard is more problematic than one might think, but eventually was solved using Brilliant Green. This dye, which is a member of the triarylmethine family, has a well characterized viscosity-dependent, radiationless channel that serves to depopulate the excited-singlet state on a rapid timescale. In a non-viscous solvent such as methanol, Brilliant Green shows no significant fluorescence at ambient temperature. 9
Experimental Section

Background
The hardware requirements for a thermal blooming (also referred to as thermal lensing) apparatus, as well as the underlying theory for determining the absolute fluorescence quantum yield, have been outlined by Magde and coworkers. 8, 10, 11 No commercial thermal blooming spectrometers exist, but the technique requires relatively few components, all of which are commercially available. A thermal blooming instrument must, as a minimum, have a cw laser with Gaussian mode TEM00 output at a wavelength appropriate for excitation of the chromophore, a suitable lens to expand the laser beam onto the detector, a digital optical shutter, a silicon photodiode detector and a digital oscilloscope for data collection. The setup needs to be vibration-free and the laser excitation source needs to be properly screened.
For a laser beam incident on a liquid sample, the output power, PL, will be the sum of three components according to Equation 1 . Here, PT is the transmitted laser power, PF the emitted fluorescence, and PTH describes the amount of heat released into the system by way of nonradiative decay of the excited state. The thermal blooming experiment does not record fluorescence directly, but detects the radiationless processes described by PTH. The heat dissipated into the liquid solvent can be determined by accurately measuring the absorbance of the sample at the excitation wavelength and knowing the power of the excitation laser.
In the thermal blooming experiment, fluorescence quantum yields are determined indirectly by recording the change in refractive index of the solvent as a result of brief exposure of the sample to laser excitation. It is essential that the solvent is transparent at the excitation wavelength. It is also important that, under illumination, the fluorophore does not react with the solvent, a valid assumption in the majority of cases. During excited-state decay, the combined nonradiative channels will equilibrate with the surrounding solvent by transferring excess heat. According to the nature of the solvent, heating will be manifest by a change in refractive index, which is seen as a "blooming" of the laser beam on a photodiode detector. The signal is recorded with a digital oscilloscope, and the output is analyzed in terms of Equation 2. The key variable is θ, which is a parameter directly proportional to the radiant thermal power. In Equation 2, I0 is the initial laser beam intensity and t is time.
The value tc is a property of the solvent which characterizes thermal diffusion (related to thermal diffusivity) from the initial injection of heat to a steady-state level. Our experimental results, where methanol was the solvent of choice, tended to Here, A is the relative number of photons absorbed at the excitation wavelength, F is the mean wavenumber corresponding to the fluorescence maximum, and ex is the excitation energy in wavenumbers.
Methodology
The experimental set-up for the thermal blooming measurements reported here ( Figure 1 ) comprises an aluminum optical table, 130 cm long, with slots and mounting points for all the main components. A laser diode (Coherent 3.0 mW; 635 nm; VHK Circular Beam Visible Laser Diode) provides the excitation source. A digital beam shutter (Thorlabs SC10) controls exposure of the sample to the incident laser beam. The signal is monitored with a silicon photodiode detector (Thorlabs PDA100A-EC). The detector was positioned sufficiently remote from the focussing lens to ensure that the expanding beam spot was larger than the surface area of the detector. Output was recorded with a Tektronix DPO71254 digital oscilloscope. The entire instrument is housed in a light-tight chamber. 
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Please do not adjust margins the lens and the sample. Liquid samples were measured in quartz cuvettes. The sample must be in a region where the waist of the beam is uniform through the path length. This is referred to as the Rayleigh distance and can be optimized by adjusting the distance between lens and sample until the maximum thermal blooming signal is observed. Too much heat deposited in the solvent perturbs the thermal blooming signal due to aberrations and convection currents. In methanol, the upper limit for incident laser power before these detrimental effects become noticeable is 0.6 mW. 10 For a given excitation source, the absorbed power must be kept below this threshold, either by adjusting the sample absorbance or attenuating the laser beam. As a benchmark, our set-up used liquid samples possessing an absorbance <0.1 (i.e. less than 20% of the incident laser power is absorbed by the sample) in a 1 cm pathlength cuvette. with the raw data. The protocol for fluorescence quantum yield measurements is as follows: A non-fluorescent standard, consisting of Brilliant Green in methanol, was measured against the fluorophore of interest after carefully matching the absorbance values at 635 nm. This absorbance was maintained in the range 0.07 to 0.10. The sample was contained in the same quartz cuvette (path length 1 cm) and kept in the same orientation to avoid any error arising from manufacturing differences in the quartz surfaces. The entire optical rail was isolated from stray light. Measurements were performed by opening the optical shutter for 0.5 s periods at regular intervals once a stable baseline has been attained. The oscilloscope collected the average signal across a pre-determined number of recordings. Data sampling was at a rate of 10,000 counts per second. The photocurrent decay traces for both the standard and sample were analyzed according to Equation 2 to obtain the critical value θ. Finally, Equation 3 was used to determine the fluorescence yield. Each experiment was repeated at least 7 times. Absorption spectra were recorded with a Hitachi U-3310 spectrophotometer and fluorescence spectral measurements were made with a Horiba Fluorolog Tau-3 system.
Errors and Reproducibility
It must be emphasized that determining an absolute fluorescence quantum yield is a nontrivial task, despite advances in the underlying technology. The sources of errors in conventional fluorescence yield measurements have been well documented. [13] [14] [15] With the thermal blooming technique, there are a number of potential sources of systematic error. 8 Chief amongst these is the exact amount of laser power being transmitted through the sample. This requires an accurate measurement of the absorbance. As the fluorescence yield approaches zero, thermal blooming traces become increasingly similar to that of the non-fluorescent standard. In this situation the ratio S/R (Equation 3) approaches unity and the main experimental error shifts to the measured absorbance. As such this technique is not well suited to measuring fluorescence quantum yields less than ca. 0.05. For very low quantum yields, minor variations in absorbance translate to major uncertainties in the recovered parameters, leading to overall errors in excess of ±5%.
Conversely, thermal blooming can largely eliminate one of the key sources of error in a typical fluorescence measurement, namely minor contamination by highly emissive impurities. This is because thermal blooming does not measure emission and insignificant contributions to the overall absorbance made by trace impurities make no difference to the overall signal. Likewise, this technique is not affected by the inner-filter effect. 16 Other pitfalls inherent to conventional fluorescence measurements, such as Raman and Rayleigh scattering, and the non-linear response of detectors and diffraction gratings can also be marginalized.
A key factor in the usefulness of the thermal blooming technique comes down to reproducibility of results. As a representative example, the fluorescence yield was measured for five samples of cy643 at different absorbance values within the range 0.05 to 0.1. Under carefully controlled conditions, the standard deviation of the recorded fluorescence yields was ±0.01 suggesting results are highly reproducible. Taking into account that the noise on a typical oscilloscope trace was found to be ±2% of the mean value, one can conclude that the accuracy of the measurement is well within ±5% for a reasonably emissive sample. Materials Methanol (Sigma-Aldrich) was spectroscopic grade and was used as received after confirming the absence of fluorescent impurities. Samples of the aza-BODIPY dyes were available from a previous study. 17 Aluminium(III) phthalocyanine tetrasulfonate was a gift from Dr. F. Hardy of The Procter & Gamble Co. According to elemental analyses, the sample is the tetrasulfonate derivative, although the positions of the sulfonate groups could not be determined. Samples of the cyanine dyes were obtained from FEW Chemicals GmbH and were used as received. Note NMR and MS spectra are provided as part of the Supporting Information. A sample of Brilliant Green was obtained from Acros Organics and used without further purification after analysis by NMR spectroscopy. The sample displayed no significant fluorescence in methanol solution at room temperature. All other materials were obtained from Sigma-Aldrich. The molecular formulas for all compounds are provided in the supporting information (Figures S1 to S8).
Results
Calibration
To ensure the reliability of our thermal blooming apparatus, the fluorescence quantum yield (F) of aluminium(III) phthalocyanine tetrasulfonate (AlPcS) in methanol was measured repeatedly over a four-month period. Excitation was made at 635 nm and a series of concentrations was used. The mean F value was found to be 0.55 ± 0.02 (Table 1 ). This can be compared with 0.51 as reported by Beeby et al. 18 A survey of the literature shows a general consensus for the AlPcS fluorescence yield falling between 0.51 and 0.55 in organic solvents, 19, 20 but dimerization in aqueous solution or at high concentration should be considered. 21 The absorption spectrum of AlPcS ( Figure S1 ) covers the wavelength range from 550 to 680 nm, with excellent absorption at the excitation wavelength. Fluorescence is readily observed in the red region ( Figure S1 ). Using a conventional spectrophotometer (EX = 610 nm), F was found to be 0.54 ± 0.05 in methanol by comparison to free-base meso-tetraphenylporphyrin (TPP) in N,N-dimethylformamide (F = 0.12). 19 This set of results appears to be self-consistent and thereby confirm the validity of the thermal blooming setup. Our sample of AlPcS gave a single-exponential decay profile, with an excited-state lifetime (S) of 6.6 ± 0.2 ns, when excited at 635 nm under time-correlated, single photon counting conditions (Table 1) . Overall, AlPcS is a promising fluorescence standard for excitation in the 580-640 nm spectral window. A further test of the experimental set-up was made using aza-BODIPY (aza-BOD-1) in methanol. The photophysical properties of this compound in methanol were established recently, 17 where F has a value of 0.56 and S is 3.5 ns (Table 1) . Thermal blooming studies in methanol gave rise to a F value of 0.58 ± 0.02 (Table 1 ). This level of agreement is considered to be excellent. The same F was recovered for different concentrations of aza-BODIPY and under various experimental configurations. The value, at least in methanol where the azanitrogen atom enters into hydrogen bonding with the solvent, is highly reproducible. Thus, aza-BODIPY seems to be a good secondary fluorescence standard for emission in the 650-730 nm window but it is not available commercially.
A second aza-BODIPY derivative was available, this differing only in terms of the peripheral substituents, but has not been reported in the literature. For this compound (aza-BOD-2) in methanol, the absorption and emission spectra closely resemble those recorded for aza-BOD-1. Conventional determination of fluorescence yield using aza-BOD-1 as a reference gave a value of 0.33 ( Table 1 ). The excited-state lifetime was found to be 2.3 ns, somewhat lower than that found for aza-BOD-1 under the same conditions. Thermal blooming studies allowed determination of the absolute fluorescence quantum yield for aza-BOD-2 as being 0.33 ± 0.02. This measurement is in excellent agreement with that made by ratiometric methods. It serves to emphasize the reliability of the thermal blooming technique and to extend the database of known emitters for the red region. The modest differences in fluorescence yield and lifetime found for these two aza-BODIPY emitters is explained in terms of enhanced nonradiative deactivation promoted by the O-H bond present in aza-BOD-2. This finding is precisely in line with expectations based on the Englman-Jortner energy-gap law. 22 Figure 3 . Normalized absorption spectra of the cyanine dye series in methanol. The color of the trace corresponds to following compound: black: cy643, red: cy681, blue: cy746, purple: cy761, orange: cy794. The trace shaded green is that of the non-fluorescent standard, Brilliant Green.
Cyanine Dyes
Cyanine dyes, which were fist synthesized over a century ago and used to sensitize photographic plates, comprise an inordinately diverse family of fluorophores. With their narrow absorption and fluorescence spectral profiles, together with high oscillator strengths for the lowest-energy absorption transition, these dyes are ideal candidates for fluorescence standards for the far-red region. To this effect, a series of five cyanine dyes was selected on the basis of covering the 600-800 nm absorption range by varying the conjugation length ( Figure  3) . The target dyes are soluble in methanol and free from aggregation at the concentrations appropriate for this work.
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Please do not adjust margins Their molecular formulas are provided in the Supporting Information, together with some basic spectroscopic information. For the two shorter conjugation lengths, cy643 and cy681, it was possible to determine F values by ratiometric measurements using AlPcS and free-base mesotetraphenylporphyrin as a reference. The values are collected in Table 2 and serve to indicate that these compounds are relatively strong emitters. For the remaining cyanine dyes, it was not possible to generate meaningful F values by conventional steady-state emission spectroscopy due to the lack of appropriate control compounds. Instead, the thermal blooming technique was successfully applied to this problem. Firstly, it was noted that F values measured by the two techniques for cy643 and cy681 in methanol were within 5% of each other ( Table 2) . Fluorescence is not so pronounced for the other cyanine dyes but reliable quantum yields could be established by the thermal blooming technique under standardised conditions.
The measured F values decrease steadily with increasing conjugation length (or decreasing emission energy) of the dye (Figure 4) , and fall from 0.43 for cy643 to 0.056 for cy794 ( Table 2 ). Reproducibility remained high over multiple repeats and absolute errors were kept to within ±0.02, even for cy794 where F is approaching the lower limit for this technique. It will be noted from Figure 3 that the more redshifted cyanine dyes are at the edge for excitation at 635 nm but nonetheless highly reproducible and reliable estimates of F were forthcoming. A major benefit of the thermal blooming set-up relates to the absence of inner-filter effects, which would prevent the use of 635-nm excitation for conventional fluorescence measurements. The net result is that we now possess a useful set of fluorescence standards covering the far-red spectral range. Table 3 summarizes the wavelength ranges covered by each of the cyanine dyes and it should be noted that many more such dyes are available if needed to improve coverage of the spectral window.
Common alternatives
Cyanine dyes are not the only compounds available as standards for the far-red spectral range but they have the advantage of forming a closely knit family where incremental changes in the optical properties can be achieved. Cresyl violet 23 is a popular fluorophore for the 630-700 nm window with excitation at ca. 560 nm but concerns have been raised about self-association, 24 inner-filter effects 25 and F values in the range from 0.54 to 0.70 in ethanol or methanol. 10, 11, [26] [27] [28] [29] Methylene Blue (F = 0.02) is a well-known reference compound 30 but the quantum yield is very low and the compound should be used only in water. A more suitable option might be Nile Blue. 31 This dye, for which the purity of our commercial sample was <90% with notable contamination by coloured material, has ABS at 627 nm and FLU at 665 nm. It is pH sensitive and has limited solubility in methanol but is workable over 550-650 nm for excitation and 650-750 nm for emission. After purification, we recorded F values of 0.26 by steady-state fluorescence spectroscopy using TPP as reference and F = 0.23 by thermal blooming. Literature data include F values in ethanol of 0.23, 26 by thermal phase grating, and 0.47, 27 by thermal lensing. In our hands, fully reliable results were obtained only after addition of a trace amount of acid. Moving to lower energies, there is little real choice other than cyanine-based dyes. For example, Indocyanine Green has been used 32 for many years in ophthalmology for imaging retinal blood vessels. This compound, which is a cyanine dye that aggregates extensively in solution, 33 can be excited in the region around 750 nm to give fluorescence at wavelengths longer than 800 nm. It is widely used as a fluorescent label for tissue, 34 during for example colorectal surgery where knowledge of quantum yields are not necessary. In methanol, the fluorescence quantum yield (F = 0.043) 35 is too low for many purposes.
Discussion
The concept of proposing cyanine dyes as fluorescence standards is not new 5, 28, 35, 36 and many such compounds are used in contemporary fluorescence microscopy as advanced probes. 37 In this report, we have extended the library of useful far-red emitters by providing absolute fluorescence quantum yields for soluble dyes that emit within a spectral window covering the wavelength range 650-950 nm. It will be noted that the reported F values decrease progressively as the emission maximum moves to lower energy (Figure 4) . Indeed, F for the most red-shifted dye, cy794, is at the lower limit for accurate determination by thermal blooming. This finding suggests that cyanine dyes might not be appropriate standards for compounds that absorb at wavelengths longer than 800 nm. In our opinion, cyanine dyes are highly attractive reference compounds for excitation wavelengths stretching from 500 to 800 nm. A particular feature of these dyes concerns the sharp absorption profiles with pronounced shoulders on the high-energy side of the optical transition. This shoulder provides an ideal excitation point. We have not encountered any undue problems of poor stability or dye fatigue during prolonged spectroscopic studies. For the cyanine dyes described in this report, the Stokes' shift falls within the range 350 to 580 cm -1 , indicating only minor structural changes between absorbing and emitting species. The molar absorption coefficients at the peak maximum (MAX) are high and possibly sensitive to the nature of the compound (Table 2) . Nonetheless, the radiative rate constants calculated from the Strickler-Berg expression 38 (kSB) evolve smoothly across the series, giving a clear correlation with the mean fluorescence maximum (F) measured in terms of wavenumber. Somewhat surprisingly, the singlet-excited state lifetimes (S) tend to remain at around 1 ns and do not follow the observed trend in F (Table  2 ). There appears to be a crude relationship between the mean emission maximum and F, as is illustrated by Figure 4 . This apparent trend is a result of the special circumstance where the rate constant (kNR) for nonradiative deactivation of the excited state is essentially balanced by opposing changes in the radiative rate constant (kRAD) across a series of emitters ( Figure 5 ). This situation is quite rare but arises here because of conflicting dependences on the relevant energy gap. 22, 39 Thus, the rate of internal conversion to the ground state is expected 22 to increase with decreasing F but the rate of isomerization from the excited-singlet state will decrease with decreasing F due to a loss of potential energy. 40 These two rate constants combine to give kNR and the indications are that, across this series of cyanine dyes, the latter is accidently fixed. Figure 5 . Illustration of how a change in the excitation energy affects the photophysical properties. The upper panel shows that the excitation energy is lowered by an increase in conjugation length of the cyanine dye. Reducing the energy gap between emitting state (S1) and ground state (S0) increases the rate of internal conversion (IC) but decreases the rate of radiative decay (kF). The lower panel indicates the process of photoisomerisation and shows that lowering the excitation energy raises the energy barrier for isomerization.
Conclusions
Combining thermal blooming with a series of structurallyrelated cyanine dyes, it has been possible to evaluate a set of commercially-available fluorophores as potential ratiometric standards for the 650-900 nm region. Cyanine dyes possess certain advantages as reference compounds, including ease of synthesis, ready availability, well-defined absorption and emission profiles that retain their spectral patterns in different environments, and strong fluorescence. Radiative rate constants tend to be high and poor spin-orbit coupling properties minimize intersystem crossing to the triplet manifold. 40 Usually, cyanine dyes dissolve easily in alcohol solvents but much less so in water. Limited light fastness and competing light-induced isomerization are obvious drawbacks for the proposed application. The cyanine dyes studies here are not amenable for facile attachment to biological materials but strategies exist for appending appropriate anchoring groups to the backbone. In fact, cyanine dyes such as Alexa Fluor 647 are used extensively in super-resolution microscopy. 41 To establish absolute fluorescence quantum yields, we have re-introduced the technique known as photo-initiated thermal blooming. 8 The ready availability of suitable laser diode modules means that it is feasible to construct a working prototype from relatively inexpensive components. Advantages of this approach include ease of operation, rapid screening of samples, and minimisation of inner-filter effects. To become popular, however, the technique needs diversifying to include solid samples, such as thin films, and
